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Abstract. Field-aligned anisotropic electron distribution
functions of Tk > T⊥ type are observed on auroral ﬁeld lines
at both low and high altitudes. We show that typically the
anisotropy is limited to a certain range of energies, often be-
low 1keV, although sometimes extending to slightly higher
energies as well. Almost always there is simultaneously an
isotropic electron distribution at higher energies. Often the
anisotropies are up/down symmetrical, although cases with
net upward or downward electron ﬂow also occur. For a
statistical analysis of the anisotropies we divide the energy
range into low (below 100eV), middle (100eV–1keV) and
high (above 1keV) energies and develop a measure of an-
isotropy expressed in density units. The statistical magnetic
local time and invariant latitude distribution of the middle-
energy anisotropies obeys that of the average auroral oval,
whereas the distributions of the low and high energy aniso-
tropies are more irregular. This suggests that it is speciﬁ-
cally the middle-energy anisotropies that have something to
do with auroral processes. The anisotropy magnitude de-
creasesmonotonicallywithaltitude, asonewouldexpect, be-
cause electrons have high mobility along the magnetic ﬁeld
and thus, the anisotropy properties spread rapidly to different
altitudes.
Key words. Magnetospheric physics (auroral phenomena).
Space plasma physics (wave-particle interactions; changed
particle motion and acceleration)
1 Introduction
Field-aligned electron anisotropies have been found on auro-
ral ﬁeld lines at both high and low altitudes. Below 8000km
altitude, ﬁeld-aligned electrons were detected by the S3-3
satellite (Sharp et al., 1980; Collin et al., 1982). Close to the
equatorial plane, bidirectional anisotropies were studied us-
ing IMP 6 (Hada et al., 1981), AMPTE/CCE (Klumpar et al.,
1988), AMPTE/IRM (Sergeev et al., 2001) and SCATHA
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(Richardson et al., 1981). Also geostationary satellites (cor-
responding to invariant latitude of 67◦) have detected elec-
tron anisotropies (Lin et al., 1979). Between the low alti-
tudes and the equatorial plane, only Polar has provided data
that have been used to study electron anisotropies (Kletzing
and Scudder, 1999).
Electron anisotropies in the auroral zone above the accel-
eration region are important from at least two different view-
points. One viewpoint is that the return current regions ad-
jacent to auroral arcs contain ﬁeld lines where ionospheric
electrons are accelerated upward, probably by downward
parallel electric ﬁelds (Marklund and Karlsson, 2001). This
mechanismproducesupgoingelectronbeams. Thebeamswe
observe are often bidirectional; however to explain these us-
ing the return current region mechanism, the beams coming
from the opposite hemisphere should also preserve their adi-
abaticity when moving through the equatorial plane, which
is not self-evident.
Another viewpoint is that wave-particle interactions might
also produce electron anisotropies directly (Janhunen et al.,
2001, 2003a). In this case the waves are the cause of the
anisotropies, and the anisotropies might, in turn, be related
to other auroral processes, such as potential structure forma-
tion. This occurs because an anisotropic electron distribu-
tion, together with the mirror force, generates a parallel elec-
tric ﬁeld, if the ion anisotropy differs from the electron an-
isotropy. This was shown by Alfv´ en and F¨ althammar (1963)
under the simplifying assumption that all particles have the
same magnetic moment and energy; for a more recent and
complete discussion, see, e.g. Whipple (1977). Explained in
another way, an anisotropic electron distribution in the ab-
sence of parallel electric ﬁelds generates an electron density
proﬁle that varies with altitude. Unless the ion density pro-
ﬁle has a similar altitude variation, which is very unlikely,
a tendency to produce a charge imbalance results. Next,
we assume that some of the electrons are cold and of iono-
spheric origin. If the resulting charge imbalance is greater
than the cold electron density at any point, parallel poten-
tial differences of the same order of magnitude as the energy238 P. Janhunen et al.: Electron anisotropies in auroral region
of the electron anisotropic component will develop, because
the parallel electric ﬁeld now has to be large enough to alter
the motion of the magnetospheric electrons. If, on the other
hand, the charge imbalance remains below the cold electron
density, only small parallel ﬁelds develop, with the parallel
potential being of the order of the magnitude of the cold elec-
tron temperature. Thus, the appearance or non-appearance
of signiﬁcant parallel potential differences depends only on
the density of the anisotropic component and on the type of
the anisotropy, whereas the magnitude of the potential differ-
ences, in case they appear, also depends on the temperature
of the anisotropic component. In this viewpoint, electron an-
isotropies are expected to be correlated with auroral phenom-
ena in general and not limited to the return current region. By
looking at the appearance of the anisotropies only, anisotro-
pies related to the return current region or to wave-particle
interactions in the magnetosphere cannot necessarily be dis-
tinguished from each other.
The purpose of this paper is to gain and present event-
based and statistical knowledge of the electron anisotropies
and to show that it is speciﬁcally the middle-energy aniso-
tropies (100–1000eV) that probably play a role in auroral
phenomena. This knowledge may be useful later in distin-
guishing among the two mentioned viewpoints, i.e. how im-
portant are anisotropies related to upﬂowing electron beams
relative to those (if any) anisotropies that are produced “in
situ” in the magnetosphere.
The structure of the paper is as follows. We ﬁrst explain
and motivate the deﬁnitions of anisotropy measures used in
this paper. Thereafter we present and discuss in detail three
anisotropyeventsobservedbytheHYDRAinstrumentonthe
Polar satellite. Then we present statistical results using ﬁve
years of HYDRA observations and close the paper with a
summary.
2 Data processing
To investigate the electron distribution functions in the 5000–
30000 km altitude range we use the Polar HYDRA data from
years 1996–2000 (Scudder et al., 1995). The time resolution
of the data is about 12s and the energy range 2eV–28keV.
The pitch angle resolution is not ﬁxed by the instrument be-
cause it contains 12 narrow-ﬁeld sensors which are rotating
with the spacecraft and each of them makes a complete en-
ergy scan in about 1.1s. Electrons and ions are measured by
each detector on alternate energy scans. In this paper we bin
the HYDRA data into 15◦ pitch angle bins.
Usually one describes an anisotropic distribution by a
Maxwellian or kappa distribution having different parallel
and perpendicular temperatures. Thus, one could think that
giving the temperature ratio Tk/T⊥, perhaps multiplied by
the electron density, would be a good way of quantifying the
magnitude of the anisotropy. However, in practice, this ap-
proach has a severe difﬁculty: it will turn out that almost
always the electron plasma cannot be modelled by a single
Maxwellian or kappa distribution, but one needs at least two
such distributions (examples are given by Janhunen et al.,
2001). The anisotropy usually exists in only one of these
distributions. Therefore, one way of deﬁning the anisotropy
properly is to have a superposition of at least two Maxwel-
lian or kappa distributions, where one of the populations is
anisotropic. As a result, one obtains the temperature ratio of
the anisotropy. This approach is perhaps useful for manual
analysis of a few timesteps, but it is too complicated to be
useful in a statistical study having ∼ 106 measurements.
To get around this problem and to be able to do a statis-
tical study, we ﬁrst quantify the anisotropy simply by tak-
ing the differential energy ﬂux F(E,θ), where E is the en-
ergy and θ is the pitch angle (the dimensionality of F is
eVcm−2 s−1 sr−1 eV−1)andcomputetheratior(E)between
the parallel and perpendicular ﬂuxes,
r(E) = (1/2)(F(E,0) + F(E,π))/F(E,π/2). (1)
We call r(E) the relative energy-dependent anisotropy. The
relative energy-dependent anisotropy is useful for colour-
coded plotting as a function of time and energy, and it will be
used in the example events in Sect. 3 below. Such a plot tells
us at a glance in which energy range the anisotropy mainly
occurs.
While the relative energy-dependent anisotropy deﬁned
above is useful in studying individual events, for statistical
purposes it has three drawbacks: (1) for quantifying the an-
isotropy one would prefer a single number, not something
which is a function of the energy, (2) being a relative number
it does not tell how many electrons are actually anisotropic,
(3) it is not particularly robust against instrument problems,
since it depends on the differential energy ﬂux measured in
only a few pitch angle bins, two of which are exactly parallel
to the magnetic ﬁeld and thus not always measured reliably
(unreliability exists if none of the 12 sensors points to the
ﬁeld-aligned direction).
The event plots in the next section will make it clear
that often the anisotropy occurs mainly between 100eV and
1keV only. Motivated by this, we shall call the interval 10–
100eV range “low”, the 100–1000eV range “middle” and
the interval 1–10keV range “high”. Thus, to measure the
anisotropy that we are mainly interested in, one should con-
sideronlythemiddleenergyrange. Toovercometheﬁrsttwo
problems in the relative energy-dependent anisotropy listed
in the previous paragraph, one could, for example, average
Eq. (1) over the middle-energy range and multiply by the
density of middle-energy electrons. This would give a sin-
gle number which is proportional to both the anisotropy and
the density, i.e. the “anisotropic part” of the density (note,
however, that it can also exceed the total density if r(E) is
large). This procedure involves two integrations and still de-
pends on the exactly parallel pitch angle bins and thus still
has the robustness problem.
The reason why we are more interested in the density than
in the temperature is that the density controls the appearance
or non-appearance of potential structures, while the temper-
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the density is large enough that the structures appear (cf. the
Introduction).
We now present the deﬁnition that we are really using.
The reader can verify that it is closely related to the one just
described, but it is more natural and more robust. The ro-
bustness comes about because all pitch angles are integrated
over not only the exactly parallel and perpendicular ones. Let
F(E,θ) denote the HYDRA electron differential energy ﬂux
as above. Then f(E,θ) = (m2
e/(2E2))F(E,θ) is the distri-
butionfunction. Wedenotethedistributionfunctioninveloc-
ity space by ˜ f, ˜ f(v,θ) = f(E,θ), where E = (1/2)mev2.
Here, θ is the pitch angle as above, deﬁned so that θ = 0 is
parallel to B (downward direction in Northern Hemisphere)
and θ = π antiparallel to B (upward direction in Northern
Hemisphere), and me is the electron mass. With this nota-
tion, we compute the anisotropic charge densities for upward
and downward moving electrons from
n
up
aniso = 2π
Z π
π/2
dθ sinθ
Z vmax
vmin
dvv2
h
˜ f(v,θ) − ˜ f(v,π/2)
i
, (2)
ndown
aniso = 2π
Z π/2
0
dθ sinθ
Z vmax
vmin
dvv2
h
˜ f(v,θ) − ˜ f(v,π/2)
i
. (3)
These formulas are valid as written in the Northern Hemi-
sphere. In the Southern Hemisphere the θ integration lim-
its are replaced by 0..π/2 for n
up
aniso and π/2..π for ndown
aniso.
The v integral is restricted in a range of velocities vmin ..
vmax corresponding to an energy range Emin .. Emax where
Emin,max = (1/2)mev2
min,max. The total anisotropic charge
density is deﬁned by
naniso = n
up
aniso + ndown
aniso (4)
and the up-down difference anisotropy by
ndiff
aniso = n
up
aniso − ndown
aniso. (5)
Finally, the relative anisotropy is deﬁned by
Arel =
naniso
n⊥
, (6)
where
n⊥ = 2π
Z π
π/2
dθ sinθ
Z vmax
vmin
dvv2 ˜ f(v,π/2)
= 2π
Z vmax
vmin
dvv2 ˜ f(v,π/2) (7)
is the “perpendicular density”.
All the naniso quantities have the dimensionality of den-
sity, i.e. can be expressed in units of cm−3. Explained in
words, the perpendicular distribution function is copied over
all pitch angles, subtracted from the distribution function,
and the result of the subtraction is integrated over the wanted
velocity (energy) range to obtain the partial density corre-
sponding to the anisotropic part of the distribution. The
quantity ndiff
aniso tells how much imbalance in the up/down di-
rection there is in the anisotropy: for example, if the aniso-
tropy consists of only upgoing electrons, ndiff
aniso = naniso. The
relative anisotropy Arel is a dimensionless number indicating
the signiﬁcance of the anisotropy. It is positive for Tk > T⊥
type anisotropies, equal to zero for isotropic distributions and
negative for Tk < T⊥ type anisotropies.
The anisotropies, as deﬁned here, can have both positive
and negative values. Negative anisotropies (T⊥ > Tk type
anisotropies) turn out to be rare, at least in the middle energy
range, and are not discussed in this paper.
3 Speciﬁc events
To obtain a more concrete picture of the electron anisotro-
pies in the auroral zone, we now study three speciﬁc events,
collected at radial distances between 3.5 and 5.5RE, where
the ﬁrst one represents eveningside, the second one midnight
and the third one morningside. Some kind of middle-energy
anisotropies can be discerned in almost all auroral crossings.
The examples selected here exhibit anisotropies that are a bit
stronger and clearer than on the average, but that are not the
strongest possible. The examples are from Northern Hemi-
sphere, so a zero pitch angle means downward.
3.1 Eveningside event – 8 May 1998
Figure 1 shows the event that occurred on 8 May 1998,
11:35–12:35UT. Panels (a–c) show the standard HYDRA
differential energy ﬂux panels in the downward (pitch an-
gle range 0 − 30◦), perpendicular (75 − 105o) and upward
direction (150 − 180◦) electrons, respectively. From these
panels it is difﬁcult to detect anisotropies, but they become
very clear in panel (d) which is the relative energy-dependent
anisotropy, (Eq. 1). The Tk > T⊥ type anisotropies that we
are interested in and which are also the most common ap-
pear as red. In all HYDRA colour panels, differential energy
ﬂuxes which are smaller than 105 eV cm−2 s−1 sr−1 eV−1
are shown as black. In panel (d), if either the parallel or
the perpendicular differential energy ﬂux is smaller than the
limit 105 eVcm−2 s−1 sr−1 eV−1, the corresponding relative
energy-dependent anisotropy is also shown as black. Ad-
ditionally, points having larger than 30% statistical error
(points that have less than 10 counts) are shown as black.
Thus, values differing from black are guaranteed to repre-
sent values that are measured reliably. Panel (e) shows three
curves: the anisotropy naniso (red), the up minus down differ-
ence anisotropy ndiff
aniso (green) and the relative anisotropy Arel
(black). The scale of the red and green curves is on the left
(both are in density units) and the scale of the dimensionless
black curve is on the right.
In Fig. 1, Polar arrives from the polar cap and en-
ters the auroral zone at 12:00UT in the pre-midnight sec-
tor. Rather strong middle-energy anisotropies are detected
12:02–12:07UT. The anisotropies also extend above 1keV
to some extent (panel d). The middle-energy anisotropy
(panel e) reaches 0.2cm−3 and the relative anisotropy Arel
(Eq. 6) has a maximum value of 2. The anisotropies are al-
mostup/downsymmetricalbecausethe differenceanisotropy240 P. Janhunen et al.: Electron anisotropies in auroral region
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Fig.1. HYDRAelectrondatafor8May1998, 11:40–12:35UT.Panelsfromtoptobottom: differentialelectronenergyﬂuxfor(a)downgoing
electrons, (b) perpendicular electrons, (c) upgoing electrons; (d) ratio of parallel to perpendicular differential energy ﬂux (energy-dependent
relative anisotropy r(E), Eq. (1)); and (e) three middle-energy anisotropy curves: naniso (red) and ndiff
aniso (green) with scale on the left, and
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Fig. 2. Electron distribution function (cm−2 s−1 sr−1 keV−2) for four successive 12-s intervals on 8 May 1998 event, starting at (a)
12:02:18UT, (b) 12:02:30, (c) 12:02:42UT, (d) 12:02:54. Velocities corresponding to 10eV, 100eV, 1keV and 10keV energies are shown
by blue circles; notice that the innermost circle is very small. Magnetic ﬁeld is oriented downward, parallel to the positive vertical axis, and
positive parallel velocity is along the magnetic ﬁeld, i.e. downward, and the loss cone, if any, appears on the top of each panel.
(green curve in panel e) is smaller than the anisotropy itself,
except for a brief moment near 12:27UT. This example was
chosen mainly to demonstrate that occasionally the middle-
energy anisotropies can extend to higher than 1keV energies.
Figure 2 shows the electron distribution function at four
successive intervals, separated by 12s, around the strongest
anisotropy peak at 12:02–12:03UT. The four circles where
the innermost one is barely visible correspond to 10, 100,
1000 and 10000eV energies. The ﬁrst interval (panel a) dis-
plays almost no anisotropy, whereas the second one (panel b)
exhibits a clear middle-energy anisotropy. This anisotropy is
slightly atypical in that there are relatively few electrons be-
low 100eV energy. The 3rd interval (panel c) also displays
a clear anisotropy, and in the 4th interval (panel d) there still
exists anisotropy, with a modest predominantly downward
character. Nowtheanisotropyalsoextendstohigherenergies
above 1keV. In all panels an almost isotropic high-energy
Maxwellian electron distribution is seen which is likely to be
of magnetospheric origin. This is a feature which is nearly
invariably associated with the middle-energy anisotropies.242 P. Janhunen et al.: Electron anisotropies in auroral region
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Fig. 4. Electron distribution functions (cm−2 s−1 sr1 keV−2) for four successive 12-s intervals on 22 April 1998: (a) 04:00:36UT, (b)
04:00:48, (c) 04:01:00, (d) 04:01:12. Same format as in Fig. 2.
Thehigh-energyisotropicelectronshavenotexperiencedany
parallel acceleration.
3.2 Midnight event – 22 April 1998
Figure 3 shows the event that occurred on 22 April 1998,
03:55–04:35UT, near the local midnight. The format of the
ﬁgure is similar to Fig. 1. Again, Polar moves from the polar
capintotheauroralzoneat03:58UT.Stronglowandmiddle-
energy anisotropies can be detected over the whole auroral
interval. Highest anisotropies occur 03:59–04:01UT (red
line in panel e), when the relative anisotropy Arel (black line
in panel e) reaches almost 4. The strongest peak at 04:01UT
is predominantly downward (negative green curve in panel
e), but otherwise the anisotropies are more or less up/down
symmetrical.
Figure 4 presents four distribution functions, taken at four
successive intervals separated by 12s around the strongest
anisotropy peak 04:01UT. They show that in this case the
anisotropies did not vary as rapidly as in the 8 May 1998
example. All four intervals show roughly similar and rather
typical (strong) middle-energy anisotropies.
In this event there are also low-energy up- and downgo-
ing electron beams visible in Fig. 3, for example, around244 P. Janhunen et al.: Electron anisotropies in auroral region
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Fig. 6. Electron distribution functions (cm−2 s−1 sr1 keV−2) for four successive 12-s intervals on 10 March 1998: (a) 22:29:18UT, (b)
22:29:36, (c) 22:29:48, (d) 22:30:00. Same format as in Fig. 2.
04:18UT. Since this activity is below 100eV, it does not con-
tribute to panel (e).
3.3 Morningside event – 10 March 1998
Figure 5 shows an event that occurred on 10 March 1998,
21:40–22:45UT, in the post-midnight sector. There is aniso-
tropy all the way from 22:05 to 22:35UT. The strongest peak
appears close to 22:30 UT. The anisotropies during this event
are at somewhat lower energies than in the other two exam-
ples, now extending all the time, also well below 100eV, and
there are hardly any anisotropies above 1keV, even though
strong electron ﬂuxes exist around 1keV (see the top three
panels).
The distribution functions taken around 22:30UT (Fig. 6)
show how the anisotropy grows and reaches its peak and then
suddenly becomes reduced. At the same time the temper-
ature of the high-energy electron population increases (or a
new population appears). When the anisotropy reaches its
peak (panel b) the whole distribution is irregular, which sug-
gests that rapid temporal variations are going on during this
12-s integration.246 P. Janhunen et al.: Electron anisotropies in auroral region
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Fig. 7. 90th percentiles of electron anisotropies in different en-
ergy ranges as a function of MLT and ILAT and integrated over
radial distances 2.5 − −6RE, for high-energy (1–10keV; top
panel), middle-energy (100–1000eV; second panel), low-energy
(10–100eV; third panel). The bottom panel shows the orbital cov-
erage in hours. The 90th percentile is deﬁned as the value which
is such that 90% of the measured values are smaller and 10% are
larger.
In all three events presented, strong anisotropy peaks ac-
company the polar cap boundary, which is sharply deﬁned.
Among auroral crossings of Polar, this kind of behaviour is
relatively common, although by no means a rule. Also, in the
events shown, some of the anisotropy peaks occur together
with sudden changes in the high energy electron distribution.
This behaviour is not very typical, but occurs only in some
events.
4 Statistical results
4.1 MLT and ILAT
Figure 7 shows the distribution of the 90th percentile of the
electron anisotropies for three energy ranges, as a function of
MLT and ILAT. The bottom panel shows the number of hours
measured by the instrument in each bin. The radial distance
range included in the plot is 2.5 − 6RE. The 90th percentile
is deﬁned as the value which is such that 90% of the mea-
sured values are smaller and 10% are larger. The motivation
for selecting the 90th percentile is that 10% is the typical oc-
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Fig. 8. Middle-energy (100–1000eV) anisotropy dependence on
Kp index. First panel: 90th percentile of middle-energy (100–
1000eV) anisotropies for low Kp (Kp ≤ 2), second panel: or-
bital coverage for low Kp, third panel: 90th percentile for high Kp
(Kp > 2), fourth panel: orbital coverage for high Kp. The vertical
axis in each panel is the invariant latitude (ILAT).
currence frequency of auroral arc-related phenomena within
the auroral zone. If one uses the 75th percentile (i.e. the
upper quartile) instead of the 90th percentile, for example,
the values in all panels become smaller but the patterns re-
main qualitatively very similar. The high-energy range (top
panel) has the lowest values for the anisotropy, and these an-
isotropies occur mainly near the midnight auroral zone. The
middle-energy anisotropies (second panel from the top) fol-
low the auroral oval pattern, with a clear MLT dependence,
with anisotropies being more common around midnight than
elsewhere. The third panel from top shows the low-energy
anisotropies, which are seen to be mainly a dayside phe-
nomenon, being more common in the pre-noon sector than in
the post-noon sector. Although the dayside is not the primary
emphasis of this paper we remark that the preference of the
low-energy anisotropies to appear before noon might be due
to E×B-drifting cold plasma ﬂowing away from the Earth in
the post-noon sector which follows from the combined effect
of magnetospheric convection and corotation (Kivelson and
Russell (1995), Fig. 10.25 on p. 316).
The high-energy anisotropies could possibly give rise to
potential structures of large magnitude, if the density imbal-P. Janhunen et al.: Electron anisotropies in auroral region 247
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Fig. 9. Bottom panel: Radial dependence of the 90th percentile of
middle-energy (100–1000eV) anisotropies for small Kp (solid line
with ﬁlled circles, Kp ≤ 2) and large Kp (solid line with triangles,
Kp > 2) measured at 65:74 ILAT and 18:06 MLT. Solid line with-
out symbols shows results for low and high Kp combined together.
Top panel: Orbital coverage in hours in each radial bin.
ance produced by them exceeds the colder component densi-
ties at some altitude (at low enough altitude one can always
ﬁnd cold plasma, so the question is not whether cold plasma
exists but at what altitude it exists). However, the anisotropic
densities are so small that this is not likely to happen. Thus,
the high energy anisotropies are probably not very signiﬁcant
as far as auroral potential structures are concerned.
The low-energy range (10–100eV) probably cannot be
trusted completely, since it is affected, for example, by the
spacecraft potential. It is possoble that the anisotropies that
we call “middle-energy” actually rather often extend below
100eV,althoughtheinstrumentcannotalwaysreliablydetect
them.
If one produces a plot similar to Fig. 7 separately for up-
going and downgoing anisotropies n
up
aniso and ndown
aniso, the plots
are nearly identical, i.e. there is no clear difference in the sta-
tistical properties of upgoing and downgoing anisotropies.
4.2 Kp
Figure 8 shows how the middle-energy (100–1000eV) aniso-
tropy 90th percentile depends on the Kp index. We see that
when Kp increases, the middle-energy anisotropies move to-
wards lower latitudes. This is a further conﬁrmation that the
middle-energy anisotropies are associated with auroral pro-
cesses, since the auroral oval also resides at lower latitudes
during high Kp (Feldstein and Starkov, 1967). The aniso-
tropy magnitude generally increases with an increasing Kp
index.
4.3 Other effects
Without showing plots, we mention a few results for the an-
isotropies. First, the middle-energy anisotropies are almost
symmetric in the up/down direction, which means that most
of the electrons do not precipitate into the atmosphere or
originate from it. Second, there is no clear solar illumination
dependence, saying that it is not important to the anisotropy
results whether or not the ionospheric footpoint is sunlit.
4.4 Altitude dependence
The bottom panel of Fig. 9 shows the 90th percentile of the
middle-energy anisotropies against the geocentric radial dis-
tance R for small (≤ 2) and large (> 2) Kp values. The top
panel presents the number of hours the satellite spent in each
0.5RE radial distance bin. We notice that for increasing Kp
the anisotropy magnitude increases. Furthermore, the aniso-
tropy magnitude increases with decreasing altitude, which is
natural because the stronger the anisotropy (the larger the ra-
tio Tk/T⊥), the more the density follows the ﬂux tube scaling
(Eq. (7) and Fig. 1 of Janhunen and Olsson, 2002a). It could
also partly be caused by failing to detect very ﬁeld-aligned
anisotropies at high altitudes, because one of the detectors
is not always looking exactly at ﬁeld-aligned direction. No-
tice also that the high-altitude anisotropies should be more
ﬁeld-aligned than the low-altitude ones because of the mirror
force.
5 Summary and discussion
In this paper we have investigated middle-energy electron
anisotropies in the auroral zone, using observations of elec-
tron distribution functions by the HYDRA instrument from
the Polar satellite and using a novel deﬁnition of anisotropy
which is capable of quantifying anisotropies occurring in a
limited energy range. The major ﬁndings are as follows.:
1. Most often the Tk > T⊥ type anisotropies are limited to
a certain energy range, typically ∼ 100–1000eV.
2. Almostalwaysthereissimultaneouslyanisotropicelec-
tron distribution at higher energies.
3. Oftentheanisotropiesareup/downsymmetric, although
cases with net upward or downward electron ﬂow also
occur.
4. The MLT-ILAT distribution of middle-energy anisotro-
pies (100–1000eV) obeys that of the average auroral
oval (Fig. 7). The distributions of the low and high-
energy anisotropies are more irregular. This suggests
that it is speciﬁcally the middle-energy anisotropies that
have something to do with auroral acceleration pro-
cesses.248 P. Janhunen et al.: Electron anisotropies in auroral region
5. When the Kp index increases, the middle-energy aniso-
tropies appear at lower ILAT in all MLT sectors, as is
expected for an auroral oval related process. Their 90th
percentile also increases with increasing Kp.
6. Thealtitudedependenceoftheanisotropiesissmoothas
one would expect, because the electrons have high mo-
bility along the magnetic ﬁeld and thus the anisotropies
spread rapidly to different altitudes.
7. Within the auroral zone and at about 4RE radial dis-
tance, the 90th percentile of the middle-energy (100–
1000eV) anisotropic density is ∼ 0.02 − 0.03cm−3.
The anisotropic density decreases with increasing radial
distance R, so that it is roughly proportional to R−1.8,
which can be deduced from Fig. 9.
In order to assess the role of the middle-energy anisotro-
pies further using observational studies, one should ﬁnd their
statistical correlation with other phenomena occurring on au-
roral ﬁeld lines, such as broad-band wave activity. If the
waves are producing the anisotropies, then there should exist
a correlation between them, as is recently found in an event
study by Janhunen et al. (2001).
A possible mechanism for producing middle-energy elec-
tron anisotropies is to have waves whose parallel phase ve-
locity is in Landau resonance with the thermal speed of elec-
trons. Recent particle simulations have shown that ion Bern-
stein waves driven to be unstable by a hot ion shell distribu-
tioncanenergise∼ 100eVelectronsatarateof80eV/s(Jan-
hunen et al., 2003a). Since the travel time of a 100eV elec-
tron (parallel energy) through the altitude range of, say, 4RE
is 4 s, such electrons may gain several hundred eV of extra
parallel energy during one trip through the region. Because
of the mirror force and convergent ﬂux tube geometry, par-
allel electron energisation should also produce macroscopic
charge separation effects. It has been demonstrated using a
special type of electrostatic hybrid simulations that parallel
electron energisation may lead to self-consistent auroral po-
tential structure formation (Janhunen and Olsson, 2002a).
If one tries to build a synthesis of the new results men-
tioned in this paragraph, the following picture tends to
emerge: (1) Ion Bernstein or lower hybrid waves are driven
unstable by some free energy source, possibly a hot ion shell
distribution (Janhunen et al., 2003a). One way to produce
ion shell distributions is by time of ﬂight effects of ions in-
jected from the reconnection X line. (2) Middle-energy elec-
trons (the present paper) are energised by the waves in the
parallel direction with a Landau resonance mechanism (Jan-
hunen et al., 2001, 2003a). (3) The parallel energisation of
electrons leads to charge separation effects and auroral po-
tential structure formation taking place below ∼ 4RE ra-
dial distance (Janhunen et al., 1999; Janhunen and Olsson,
2002a). (4) The presence of the potential structure gives the
characteristic inverted-V shape to low-altitude electron dis-
tributions (Janhunen and Olsson, 2000), generates upgoing
ion beams (Janhunen et al., 2003b) and a density cavity (Jan-
hunen et al., 2002b). Alfv´ enic wave acceleration probably
modiﬁes this picture in dynamic events such as substorm on-
sets. The middle-energy electron anisotropies are thus one
important link in a relatively complicated chain of energy
ﬂow from the reconnection X-line to inverted-V electron pre-
cipitation.
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